the dipole models to obtain up-to-date values of the earth's magnetic field involves the coordinate systems in which they are defined. It is not easy to obtain the magnetic field at a given geographical position (which is likely to be the most common requirement) from a simple listing of the dipole parameters. Changes of coordinate systems are required (one change, a rotation, for the centered dipole; two changes, a rotation and a translation, for the eccentric dipole) that can be time consuming and difficult for someone not freshly acquainted with the procedures involved. In this work, in addition to listing the dipole parameters and showing the current pole positions, I document most of the steps required to obtain the magnetic field components at any geographical location from either the centered or eccentric dipole models of the earth's field. 
Finally, it is well known that the earth's magnetic field is

CENTERED DIPOLE
Coordinate Systems
Two basic coordinate systems are used in this work. The primary, or reference, system is based on the earth's geographic coordinates. Some variation of choice is possible; I will assume that it is a geographically based spherical polar coordinate system with its origin at the center of the earth (assumed spherical), in which the position of a point P is given by (r, 0, •p), where r is the radial coordinate, 0 is the polar angle measured from the north polar axis, and •b is the azirduthal angle, equivalent to the longitude, measured to the east from the Greenwich meridian (Figure 1 ). Thus 180 ø > 0 > 0 ø, and 360 ø _> •b > 0 ø. The angle 0 is the colatitude and is related to the geographic latitude 2 through 0 = 90 ø-2. It is usual for southern latitudes and western longitudes to be given a negative sign, and that convention will also be used here.
The geographic rectangular coordinate system x, y, z, also shown in Figure 1 , will not be used widely in this work, since spherical polar coordinates provide a simpler representation when spherical geometries are involved. However, the rectangular system is the conventional reference for the position of the eccentric dipole. From the discussion above it can be seen that the positive x axis points toward 0 ø of longitude, the y axis points to 90 ø east longitude, and the z axis points to the north.
The other basic coordinate system is a spherical polar coordinate system based on the centered magnetic dipole. In this system the field is symmetric about the axis of the dipole, which, as indicated by the description, is located at the center of the earth, and the position of a point P is given by (r, O, •), where r is the same radial coordinate as in the geographic system, O is the colatitude measured from the centered dipole axis in its extension through the northern hemisphere of the earth (the centered dipole latitude, denoted by A, is given by 90 ø -O), and ß is the longitude measured eastward from the meridian half plane bounded by the dipole axis and containing the south geographic pole. A variety of coordinate systems are used in the literature to describe the geographic and centered dipole systems, so it is important to note the conventions involved here: The basic coordinate systems are both spherical polar, and with the exception of the common radial coordinate r the geographical coordinates are denoted by lowercase symbols and the centered dipole coordinates by the same symbols in uppercase.
It is common for the coordinate pair (O, •) or equivalently
(A, •) to be referred to as the "geomagnetic coordinates" of a point on the earth's surface [Schmidt, 1918 [Schmidt, , 1934 earth") to the special case of the centered dipole model of the earth's field has disadvantages, as pointed out by Chapman [1963] , and in this work the problems pointed out by Chapman are even more acute because of the use of two different dipole models for the earth's field. I therefore build on Chapman's suggestion (also see Matsushita and Campbell [1967] ) and, instead of "geomagnetic," use "centered dipole" (or CD) and "eccentric dipole" (or ED) to describe quantities relating to their respective field models. Thus the CD poles are the intersections of the CD axis with the earth's surface, with the north CD pole being the intersection in the northern hemisphere.
The geographic and CD coordinates can be related through the use of the cosine and sine rules for spherical trigonometry, as is shown by Chapman and Bartels [1940] and Mead [1970] , in particular. To effect a transfer between the coordinate systems, it is necessary for the orientation of the magnetic axis of the centered dipole to be specified in the geographic coordinate system. I will denote the orientation of that part of the magnetic axis intersecting the earth's surface in the northern hemisphere by 0,, 4•, (Figure 1 ) and of the part intersecting the surface in the southern hemisphere by 0 s, (ks, where 0 s = 180 ø -0•, and 4•s = 180ø + 4•. The distinction may seem trivial, but it is a primary source of confusion in computations of the earth's magnetic field from the dipole models because of the confounding circumstance that the southward directed pole of the dipole is actually a north magnetic pole and the part of the magnetic axis extending out from the north pole of the dipole actually intersects the earth's surface in the southern hemisphere. It follows from the above choice of notation that the coordinates of the north CD pole are (R e, 0,,, •b,,), and for the south CD pole they are (R e, 0 s, Cks).
A useful quantity in CD field computations is the CD declination ½. It is an idealization of the conventional declination used in geomagnetism, which is defined to be the angle between true north and magnetic north, taken to be positive when magnetic north is to the east of true north. In CD case it is the (spherical) angle between geographic north and the north CD pole, taken to be positive when the CD pole is to the east of geographic north.
Applying the sine rule to the spherical triangle on the earth's surface defined by the point P, the north geographic pole, and the north CD pole (Figure 2) , we obtain sin 0 sin 0, sin (9
sin ( 
Centered Dipole Magnetic Field
The magnetic field components produced by the earth's equivalent magnetic dipole take their simplest form in the CD coordinate system, since the field is symmetric about the axis and there is no dependence on azimuthal angle. In terms of the CD (or "geomagnetic") coordinates the centered dipole approximation to the earth's magnetic field takes the form 
It follows from the above equations that the eccentric dipole is completely specified by first eight Gauss coefficients.
Substituting the values of the 1980 Gauss coefficients (Table  1) Table  3 , and the results are illustrated in Figures 8, 9 , and 10. Figure 8 shows the secular variation of the distance 6 of the eccentric dipole from the earth's center. There appear to be three different regimes over the time interval covered by the display'(1) a steady decline of 6 throughout the interval 1600-1800, (2) a steady increase from 1800 to around 1920, and (3) an accelerated steady increase from 1920 until the present. As can be seen, the eccentric dipole is now farther from the earth's center than it has been at any other time since at least 1600; at roughly 500 km the distance i•s about 7.8% of the earth's radius. On the basis of its recent trend we can expect the distance 6 to continue increasing in the near furture at what appears to be an historically substantial rate. Thus the distance, already nearly twice its average value during the As can be seen, the dipole was located below the plane for much of the interval, but it is now at its greatest distance above the plane for the last four centuries. Figure 9 shows the variation of the distance Az, that is, the distance of the eccentric dipole above the geographic equatorial plane, since 1600. For much of the interval the dipole has been below the equatorial plane, but it moved above the plane around the end of last century, and it is now at its largest distance above the plane. On the basis of the trend since 1900 it can be expected to move to new record distances above the plane over the next few decades.
Finally, Figure 10 shows the variation since 1600 of the point of projection of the eccentric dipole position on the geographic equatorial plane. The data prior to 1800 do not show any steady trend, but the point of projection appears to have been moving steadily toward the western Pacific for roughly the last 200 years.
ED Axial Poles
The eccentric dipole model for the earth's magnetic field produces two different varieties of poles. The first of these are what I will refer to as the axial poles (the two points on the earth's surface where the ED axis intersects the surface). Because of the displacement of the eccentric dipole away from the earth's center the ED axis and the ED magnetic field, in particular, are not perpendicular to the surface at the ED axial poles. There are, however, two points where the ED magnetic field is perpendicular to the surface, and I will refer to these points as the ED dip poles. In this section, expressions will be derived for the positions of the axial poles.
We know that the axis of the eccentric dipole is parallel to the CD axis. This fact and the knowledge that the ED axis Interestingly, it was probably located on the Ross Ice Shelf prior to 1600.
Recent Positions of the ED Axial Poles and Their Secular Change
ED Dip Poles
As pointed out in section 3.3, the ED magnetic field is not perpendicular to the earth's surface at the ED axial poles, due to the offset of the dipole from the earth's center. However, there are two points where the ED magnetic field is perpendicular to the surface. One of these points is near the north ED axial pole and the other near the south ED axial pole; they will be called the north and south ED dip poles, respectively. Both dip poles are located on the great circle defined by the intersection of the plane containing both the CD and ED axes with the earth's surface; they are separated from their corresponding ED axial poles by small angular distances along the great circle, with the direction of the separation being away from the local CD pole (the CD and ED poles all lie on the great circle). At these points there is enough curvature of the dipole field lines away from the ED axis to compensate for the small angle made by the axis with the earth's surface and thus to bring the field lines perpendicular to the surface (Figure 13a) . It is not difficult to compute the geographic locations of the ED dip poles, but the computations are involved, and ultimately, as we will see, the equation for the pole positions must be solved numerically. The procedure that was used here consists of the following several steps:
In the first step a transform is made into the CD coordinate system. The only significant feature of this step is a change of The second step in the derivation is to obtain the CD coordinates of the ED dip poles. Figure 13b shows the geometry required in this step of the derivation, that is, the same plane is involved as in Figure 13a , and it follows that the CD azimuthal coordinates for the two ED dip poles are the same and equal to tI) a' the azimuthal angle does not play a further role at this stage of the derivation. The other CD coordinates of the ED dip poles are now obtained by resolving the magnetic field of the eccentric dipole, located at E in Figure 13b , along the tangent to the circle (representing the earth's surface) at the general point P, equating the resolved field to zero, and then rearranging the resulting equations to obtain an expression for ©. Remembering that the dipole at E is oriented along the axis DEA in Figure 13b Considering the individual figures, in Figure 15 we see that the paths followed by the ED dip pole and the measured dip pole have been roughly parallel since the beginning of the century and that they should continue to be parallel for some time into the future. Around 1750-1800 there was a comparatively very abrupt change in the direction of the path being followed by the ED dip pole. The change was so abrupt that it appeared possible that the computations of the pole positions were in error, but no error could be found. Confirmation of the correctness of the results was obtained by applying the "straight-line criterion" for the triad of geomagnetic poles: despite the change in path, the CD, ED axial, and ED dip poles continued to be closely colinear. Since the computations for the three different poles are independent, the abrupt change must be considered a genuine feature of the ED dip pole motion. There is no such feature in the motion of the ED dip pole in the south.
The measured dip pole positions in Figure 16 come from a variety of sources, including Dawson and Newitt [1982] [Fart, 1944] that was later corrected to 71.6øS, 152.0øE [Webb, 1925] 
Of these two transforms it is likely that the one from CD to ED coordinates will be the most useful, since it is the one required to compute the ED magnetic field at a given geographic location. Considering the ED magnetic field, it will be given, in the ED coordinate system, by #oM(3 cos 2 0 e q-1) •/2 4Itr e 3 2#oM cos 0e
(BE)re = 47ire 3 Dawson and Newitt [1982] . Even with the best modeling, however, there are still discrepancies between the observed and computed fields. Under these circumstances it would be helpful to have a quantitative measure of the agreement between a particular geomagnetic field model and what I will refer to as the measured field, that is, a set of geomagnetic field measurements that, perhaps by general agreement, are sufficiently timely, accurate, and complete to be used as the basis for a model. For example, the set of measurements on which the world magnetic charts and their associated spherical harmonic models were based [Barker et al., 1981] . In the following, interpolation between the measured values may be required to give the necessary worldwide coverage. This measure, a goodness of fit index (GFI), would enable a better informed judgment to be made concerning the use of a particular field model' Under some circumstances the centered dipole model may be entirely adequate; under other circumstances the use of the presumably more accurate eccentric dipole model would be desirable or, if high accuracy was required, the GFI would enable the most accurate spherical harmonic model to be selected.
One possible GFI could be constructed as follows. A particular field quantity, the total field for example, is computed from the model for each 10 ø intersection of the latitude and longitude lines, starting with the equatorial point on the prime meridian (that is, with the point 0øN, 0øE) and including the geographic poles. The magnitude of the percentage difference between the computed value and the measured value of the field quantity at each point is determined and the median value, or alternatively the average value, of the magnitudes for all 614 points computed. This final computed value would then serve as the index for goodness of fit. Because of the more rapid decline with distance of the higher order terms in the spherical harmonic field models and corresponding change in the actual measured field of the earth the GFI for any field model will be a function of altitude, and the GFIs for the centered and eccentric dipole models will tend to approach those for their originating spherical harmonic models as the altitude is increased.
But why bother using a centered dipole or eccentric dipole model for the earth's magnetic field when, with modern computers, it is nearly as easy and fast to use a full spherical harmonic field model? The answer is because of the combination of geophysical insight and adequate accuracy for many purposes provided by the dipole models. To give one example, the motion of charged particles in a magnetic dipole field has been the subject of much study and is reasonably well understood. Thus general statements can be made about the expected motions of charged particles in the earth's magnetic field simply by assuming that it can be represented by a dipole field.
There seems little doubt that t•he eccentric dipole representation of the earth's field is closer to the real field than the centered dipole representation, and one of the purposes of this paper is to make the superior eccentric dipole representation more accessible. However, it must also be pointed out that the eccentric dipole representation itself has the potential for improvement. The off-center dipole of Bochev [1969a] , for example, where the orientation of the dipole axis is no longer restricted to that of the centered dipole, could conceivably give a marginally better approximation to the earth's field. More substantial improvements would be expected from the inclusion of additional dipole sources [e.g., Bochev, 1969b] [1968] , for example, the strengths and axial directions of the geographically centered multipoles can be computed from the Gauss coefficients. The centered dipole representation follows identically from the first-order terms of the multipole expansion. However, the next higher order of the multipole expansion, to magnetic quadrupoles, does not lead to the eccentric dipole representation, although the magnitude and direction of the eccentric dipole's displacement from the earth's center can be related to the parameters of the geomagnetic quadrupole [Winch and Slaucitajs, 1966b; Winch, 1968] . Since the eccentric dipole is located at a finite distance from the earth's center and the multipoles of all orders are located at the center, it would appear unlikely that the eccentric dipole field model could be reproduced as a special case of the multipole representation. However, since both representations can be derived from the one basic spherical harmonic field model, a relationship is implied. Whatever this relationship may be, the two representations provide different views of the earth's magnetic field, and their relative merits depend on such practical factors as their accuracy and the physical insight they give. A complete multipole representation must be as accurate as the original spherical harmonic field model, but taken to its first two orders (dipole plus quadrupole terms), it may be no more accurate and is likely to provide less physical insight than the eccentric dipole, particularly in those regions of space near the earth where charged particle motion and wave particle interactions are important.
